Starch, a storage carbohydrate consisting of amylose and amylopectin, is the principal constituent of the wheat endosperm. Its properties exert a significant influence on food products. A granule-bound starch synthase (GBSS), known as waxy protein is responsible for amylose synthesis in the endosperm. Three loci (Wx) encoding the waxy protein in hexaploid wheat are located on chromosomes 7AS (Wx-A1), 4AL (Wx-B1) and 7DS (Wx-D1). The combination of the alleles of the three waxy genes produces wild-type, partial waxy (low amylose content) and waxy (amylose-free) phenotypes. Waxy wheat starch exhibits specific pasting and gelatinization properties that differ from those of non-waxy wheat (Yasui et al. 1996 , Kiribuchi-Otobe et al. 1997 . Although waxy wheat yields only low quality bread and noodles, the blending of waxy with non-waxy wheat is a useful practice in food processing (Morita et al. 2002, Baik and Lee 2003) . The starch pasting properties of partial waxy wheat are also different from those of the wild type. Low amylose content, especially due to the lack of Wx-B1 protein, is associated with good noodle viscoelasticity (Toyokawa et al. 1989 , Zhao et al. 1998 . Partial waxy wheat, in addition to imparting good viscoelastic properties to noodles, also offers the advantage of retarding the staling of bread .
Starch properties of the wild type and seven kinds of Wx protein-deficient types have been studied in detail using near-isogenic lines , Wickramasinghe et al. 2003 . Except for the properties of starch, however, there is limited information about the quality characteristics of partial waxy and waxy wheat. We previously reported that waxy wheat is associated with a low flour yield, a decrease in flour color brightness and an increase in the arabinoxylan and polyphenol contents of flour (Takata et al. 2005) . In the present study, in addition to the waxy wheat lines, nearisogenic lines (NILs) of two kinds of double-null Wx proteins were developed from recurrent parents with a deficiency in Wx-B1 protein. The objective of the present study was to evaluate the effect of waxy and double-null Wx proteins on grain and flour quality.
Plant materials
Two hard red spring wheat varieties, Harunoakebono and Haruyokoi, with good bread-making quality, exhibit a null allele at the Wx-B1 locus (Wx-B1b). Harunoakebono was crossed with Mochimorikei C-D1478 (Hatsumochi) (Wx-A1b, Wx-B1b and Wx-D1b), which is a waxy wheat line derived from a cross between Kanto 107 (Wx-A1b and WxB1b) and Bai Huo (Wx-D1b). Haruyokoi was crossed with K107Wx1 (Wx-A1b, Wx-B1b and Wx-D1d), which is a waxy mutant line of Kanto 107 (Yasui et al. 1997) . The recurrent parents were backcrossed to the BC n F 1 plants exhibiting both waxy and non-waxy pollen; the pollen types were confirmed by staining with an iodine solution (0.2% KI, 0.04% I 2 ; w/v). Five successive backcrosses were made with the recurrent parents. The NILs having triple-null Wx proteins (deficiency in Wx-A1, Wx-B1 and Wx-D1) and two kinds of double-null Wx proteins (deficiency in Wx-A1,Wx-B1 and Wx-B1, Wx-D1) were examined in the BC 5 F 2 and BC 5 F 3 seeds by electrophoresis, as described by Nakamura et al. (1993) , with the following modifications; 15% sodium dodecyl sulfate (SDS) polyacrylamide gel with an acrylamide/ bis-acrylamide ratio of 30:0.135. Two sets of NILs and the recurrent parents were sown in duplicate at the National Agri- 
Grain and flour characteristics
The milling procedure and the determination of grain characteristics, ash content, flour particle size, flour color, starch pasting properties and farinograph parameters were performed as reported by Takata et al. (2005) . The grain and flour protein contents were determined by the combustion method using a Rapid N instrument (Elementar Analysensyteme GmbH, Germany). The polyphenol contents were determined using a modification of the Prussian blue assay described by Price and Butler (1977) . Polyphenols were extracted from 200 mg of ground meal and 400 mg of flour by shaking with 5 ml of methanol for 1 h. The extract solutions were centrifuged at 1000 × g for 10 min. One hundred microliters of the supernatants were mixed with 1.5 ml of 0.0008 M K 3 Fe 3 (CN) 6 and 1.5 ml of 0.01 M FeCl 3 in 0.1 N HCl and incubated at 25°C for 15 min. The solutions were then mixed with 1 ml of 85% H 3 PO 4 , followed 2 min later by the addition with mixing of 1 ml of 1% gum acacia. The optical density was measured spectrophotometrically at 700 nm. Ferulic acid was used as a standard and the concentrations of the total polyphenols was expressed the ferulic acid equivalents. The arabinoxylan contents were measured according to the method of Sekiwa et al. (2003) , with a minor modification. One hundred milligrams of ground meal and flour were weighed and placed into a screw-capped glass tube. One milliliter of ethanol was added to the tube and the solution was heated at 105°C for 5 min. After the addition of 1 ml of distilled water, the mixture was shaken for 15 min and centrifuged at 1000 × g for 10 min. The supernatant was removed and 2 ml of 50% ethanol was added to the precipitate. The glass tube was vigorously shaken and centrifuged at 1000 × g for 10 min. The supernatant was removed again and 6 ml of 1 M sulfuric acid was added to the precipitate. The tube was put in an oven at 105°C for 3 h. Following a further centrifugation at 1000 × g for 10 min, 200 µl the supernatant was neutralized with 5 M NaOH and 50 µl of the resulting solution was mixed with 0.6 ml of 0.2 M Tris-HCl (pH 8.6), 50 µl of 2% β-nicotinamide adenine dinucleotide and 105 mU of β-galactose dehydrogenase. The mixture was then incubated at 40°C for 1 h and the absorbance at 340 nm was measured. The arabinose content was calculated from the absorbance of an arabinose standard. The arabinoxylan contents were estimated from the ratio of arabinose to xylose (1 : 2), as reported by Henry (1987) . The apparent amylose content of starch was colorimetrically determined with an Autoanalyzer II (Bran + Luebbe GmbH, Germany) using 100 mg of starch. Corn starch (27% amylose) and waxy corn starch were used as standards. The analyses of amylose, arabinoxylans and polyphenols were repeated twice for each sample.
Estimation of grain and flour characteristics
There were no significant differences in the grain weight, grain hardness, contents of grain ash and grain protein among the NILs setes (Table 1) . There was no significant difference in the median value of the flour particle size distribution among the NILs (Table 2 ). The flour yield of waxy wheat was significantly the lowest among the NILs in both sets (Table 2 ) which is consistent with our previous observations (Takata et al. 2005) . The double-null Wx protein phenotypes (null AB and null BD) did not affect the flour yield. The following results accounted for the low flour yield in waxy wheat. The arabinoxylan contents of both grain and flour of waxy wheat were higher than those of partial waxy wheat (null B, null AB and null BD phenotypes) ( Table 1 and Table 2 ). Kato et al. (1997) reported on the relationship between the arabinoxylan content in flour and the flour yield. We previously examined the influence of the arabinoxylan contents in flour on the flour yield of waxy wheat (Takata et al. 2005) . It was found that the arabinoxylan contents increased in the grains of waxy wheat. Yasui et al. (1999) observed a decrease in the starch content and an increase in the β-glucan content in waxy wheat. It was considered that the decrease in the starch content of waxy wheat caused an increase in the contents of non-starch polysaccharides such as arabinoxylans and β-glucan. The increase in the non-starch polysaccharide contents resulted the decrease of the flour yield in waxy wheat.
Although the content of damaged starch was not significantly different among the NILs (Table 2) , two recurrent parents (null B) showed a lower content of damaged starch than the null AB, null BD and null ABD (waxy). The waxy starch granules were more damaged than the non-waxy ones (Bettge et al. 2000) , suggesting that the double-null Wx proteins may be associated with the content of damaged starch.
Color, particularly brightness, is an important quality characteristic of wheat flour products in Japan. The brightness of the flour milled from waxy wheat was the lowest among the NILs (low L* in Table 3 ). It is generally recognized that high protein and ash contents decrease the flour Harunoakebono (null B) Wx-A1a Wx-B1b Wx-D1a 32.1 ± 1.8 a 75.7 ± 3.7 a 1.77 ± 0.06 a 12.7 ± 0.7 a 5.71 ± 0.21 a 0.65 ± 0.01 a null AB Wx-A1b Wx-B1b Wx-D1a 34.0 ± 1.6 a 74.0 ± 1.4 a 1.84 ± 0.02 a 13.3 ± 0.1 a 5.62 ± 0.01 a 0.62 ± 0.03 a null BD Wx-A1a Wx-B1b Wx-D1b 33.2 ± 0.6 a 76.6 ± 1.2 a 1.82 ± 0.01 a 13.5 ± 0.1 a 5.84 ± 0.16 ab 0.64 ± 0.03 a null ABD Wx-A1b Wx-B1b Wx-D1b 33.7 ± 1.1 a 74.5 ± 2.6 a 1.88 ± 0.02 a 13.5 ± 0.3 a 6.21 ± 0.05 b 0.69 ± 0.04 a
Haruyokoi (null B)
Wx-A1a Wx-B1b Wx-D1a 33.5 ± 1.1 a 83.7 ± 2.6 a 1.80 ± 0.02 a 12.8 ± 0.7 a 5.48 ± 0.11 ab 0.65 ± 0.04 a null AB Wx-A1b Wx-B1b Wx-D1a 33.2 ± 1.7 a 86.9 ± 3.6 a 1.82 ± 0.03 a 12.6 ± 0.6 a 5.59 ± 0.24 ab 0.67 ± 0.06 a null BD Wx-A1a Wx-B1b Wx-D1d 33.2 ± 1.1 a 85.9 ± 2.2 a 1.81 ± 0.02 a 12.9 ± 1.0 a 5.37 ± 0.01 a 0.66 ± 0.03 a null ABD Wx-A1b Wx-B1b Wx-D1d 31.4 ± 1.5 a 83.6 ± 0.4 a 1.86 ± 0.05 a 13.5 ± 0.6 a 6.13 ± 0.22 bc 0.71 ± 0.02 a
Values show mean ± standard deviation. Values followed by the same letters in the same column of each isogenic line set are not significantly different (P < 0.05) by Tukey-Kramer test .
brightness. The contents of flour protein and flour ash were not significantly different among the NILs (Table 2) , suggesting that the flour polyphenol contents influence the brightness of the flour (Yoshikawa et al. 2001) . Although the grain polyphenol contents were not significantly different among the NILs, they were high in waxy wheat (Table 1) . The flour polyphenol contents of waxy wheat were significantly the highest among the NILs (Table 2 ). It is considered that waxy wheat flour is contaminated with minute seed coat and aleurone layer particles containing large amounts of polyphenols during milling. The brightness of waxy wheat flour of the variety Haruyokoi was similar to that of null AB and null BD of the variety Harunoakebono. However the crumb color of waxy wheat in baked bread was much darker than that of nonwaxy wheat (data not shown). Since it is difficult to estimate the color of wheat products based on the color of waxy wheat flour, the color of the food products made from waxy wheat should be improved. The proanthocyanidins in barley are a type of polyphenols associated with the browning reaction in heated barley (Kohyama and Fujita 2000) . Detailed studies on wheat polyphenols should lead to the improvement of the color of waxy wheat. There were no significant differences in the a* (redness) and b* (yellowness) values among the NILs of the variety Harunoakebono. On the other hand, there was a significant difference in the a* values among the NILs of the variety Haruyokoi. Furthermore, in a previous study, both the a* and b* values of flour were found to be significantly different between waxy wheat and the recurrent parent Harunoakebono (Takata et al. 2005) . These characteristics appear to be influenced by environmental factors.
The pasting properties of starch of waxy wheat were clearly different among the NILs (Table 4 ). The starch of waxy wheat exhibited the highest peak viscosity and shortest peak viscosity time among the NILs. The starch breakdown value was the highest and the setback value was the lowest for waxy wheat. Except for the breakdown in the Harunoakebono NILs, the starch pasting properties were not significantly different among the partial waxy lines (null B, null AB and null BD). The amylose content was significantly different among the NILs (Table 4 ). The starch pasting properties of the Harunoakebono NILs were associated with their amylose content. The peak viscosity, the breakdown and the setback values were highly correlated with the amylose content (r = −0.975, −0.997 and 0.992, respectively); Harunoakebono (null B) 70.1 ± 0.6 a 69.4 ± 0.2 a 1.52 ± 0.02 ab 5.6 ± 1.0 a 10.9 ± 0.6 a 0.47 ± 0.02 a 0.13 ± 0.01 a null AB 70.9 ± 0.2 a 69.1 ± 0.8 a 1.47 ± 0.02 a 6.1 ± 0.2 a 11.7 ± 0.2 a 0.45 ± 0.02 a 0.13 ± 0.00 a null BD 68.1 ± 1.8 a 69.6 ± 0.2 a 1.62 ± 0.05 ab 6.4 ± 0.7 a 11.5 ± 0.0 a 0.48 ± 0.01 a 0.14 ± 0.00 a null ABD 62.5 ± 1.1 b 71.4 ± 1.0 a 1.84 ± 0.18 b 7.1 ± 0.4 a 12.3 ± 0.5 a 0.49 ± 0.01 a 0.20 ± 0.03 b
Haruyokoi (null B) 70.3 ± 0.5 a 73.9 ± 1.0 a 1.39 ± 0.10 a 7.3 ± 0.1 a 11.3 ± 0.3 a 0.47 ± 0.08 a 0.11 ± 0.01 a null AB 70.6 ± 0.9 a 73.7 ± 1.1 a 1.37 ± 0.00 a 8.3 ± 0.4 a 11.1 ± 0.5 a 0.48 ± 0.01 a 0.12 ± 0.01 ab null BD 70.4 ± 0.0 a 75.5 ± 0.3 a 1.32 ± 0.08 a 8.2 ± 0.1 a 11.5 ± 0.6 a 0.48 ± 0.00 a 0.13 ± 0.02 ab null ABD 66.6 ± 1.0 b 71.8 ± 1.6 a 1.69 ± 0.04 b 8.0 ± 0.3 a 12.3 ± 0.7 a 0.49 ± 0.02 a 0.17 ± 0.01 b
Values show mean ± standard deviation. Values followed by the same letters in the same column of each isogenic line set are not significantly different (P < 0.05) by Tukey-Kramer test. Table 3 . Flour color of the near-isogenic lines of two wheat cultivars in relation to waxy proteins 88.10 ± 0.23 b −1.23 ± 0.02 ab 12.64 ± 0.30 a 85.86 ± 0.56 b −1.32 ± 0.08 a 13.08 ± 0.11 a 1) Color of slurry was determined at 0 h and 24 h. Values show mean ± standard deviation. Values followed by the same letters in the same column of each isogenic line set are not significantly different (P < 0.05) by Tukey-Kramer test.
as reported by Toyokawa et al. (1989) and Miura et al. (2002) . The pasting properties were correlated with the amylose content of the partial waxy lines of Harunoakebono (r = −0.642 for peak viscosity, r = −0.952 for breakdown and r = 0.777 for setback). The starch pasting properties of the partial waxy lines of Haruyokoi were not related to the amylose content. The ripening period of Haruyokoi at Fukuyama was delayed compared with that of Harunoakebono. Environmental factors acting during the ripening period might have influenced the pasting properties through their effect on starch synthesis.
The physical properties of dough determined based on the farinograph parameters are presented in Table 5 . The farinograph water absorption of waxy wheat was remarkably high in the NILs; as reported by Guo et al. (2003) and Takata et al. (2005) . The water absorption of the NILs was significantly different in Harunoakebono. The water absorption of null AB and null BD was higher than that of null B. Null BD showed a higher water absorption than null AB. Although this trend was similar in the NILs of Haruyokoi, there was no significant difference between Haruyokoi (null B) and null AB. The water absorption of null AB was not significantly different from that of null BD. In both NILs, the water absorption of waxy wheat (null ABD) was the highest, followed by that of null BD, null AB and null B. It is generally recognized that a high content of damaged starch is related to high water absorption properties. However, there was no significant difference in the damaged starch content among the NILs. The content of damaged starch in Haruyokoi (null B) was the lowest among the Haruyokoi NILs; while the content in null AB, null BD and null ABD was identical. Since the damaged starch content could not adequately account for the very high water absorption of waxy wheat, it was recognized that the arabinoxylans that are located in the cell walls of the grain may play a role in this property. They are a major constituent of non-starch polysaccharides in wheat that influence water absorption and the physical properties of dough (Kim and D'Appolonia 1977, Hoseny 1984) . The higher arabinoxylan contents of waxy wheat than those of partial waxy wheat (null B, null AB and null BD), may account in part for the high water absorption property of waxy wheat. There were no significant differences in the development time of the farinograph, and the weakness value of the farinograph in waxy wheat was the lowest among the NILs; Values show mean ± standard deviation. Values followed by the same letters in the same column of each isogenic line set are not significantly different (P < 0.05) by Tukey-Kramer test. Harunoakebono (null B) 58.7 ± 0.2 a 4.5 ± 2.8 a 50 ± 7 a 61 ± 7 a null AB 59.4 ± 0.0 b 7.3 ± 0.5 a 63 ± 4 a 68 ± 11 a null BD 61.1 ± 0.0 c 6.4 ± 0.4 a 65 ± 0 a 64 ± 11 a null ABD 74.6 ± 0.1 d 6.1 ± 0.7 a 115 ± 21 b 60 ± 4 a Haruyokoi (null B) 60.6 ± 0.3 a 9.1 ± 9.1 a 23 ± 4 a 76 ± 22 a null AB 62.6 ± 1.0 ab 7.7 ± 1.8 a 30 ± 14 ab 74 ± 8 a null BD 63.1 ± 0.1 b 8.5 ± 1.7 a 45 ± 21 ab 74 ± 8 a null ABD 73.5 ± 0.4 c 8.0 ± 0.8 a 103 ± 25 b 68 ± 4 a
Values show mean ± standard deviation. Values followed by the same letters in the same column of each isogenic line set are not significantly different (P < 0.05) by Tukey-Kramer test.
which is in agreement with the results obtained in our previous study (Takata et al. 2005) . It is considered that the high water absorption of waxy wheat was associated with the farinograph weakness value of dough. Except for the starch pasting properties, the double-null waxy proteins (null AB and null BD) exerted only a limited effect on the flour quality. Increase in the contents of arabinoxylans and polyphenols was observed in waxy wheat, which may influence the flour quality. It is thus neccssary to determine how the triple-null waxy proteins increase the relative amounts of these compounds for the improvement of waxy wheat quality.
